Ligand-dependent nuclear receptor compressor-like (LCORL) encodes a transcription
The Thoroughbred is a breed that was developed in the early 18th century. The origin of Thoroughbreds can be traced back to a small number of Arab stallions and native British mares approximately 300 years ago [2, 4, 24] . Current Thoroughbreds have larger body sizes compared with their ancestors. For instance, the withers height of old racehorses, such as the Darley Arabian, was reported to be about 152 cm in old literature, whereas the withers height of current Thoroughbreds is about 160.5 cm [5] . Morphological characteristics of Thoroughbreds have been improved to obtain superior performance by selective breeding [6, 13, 22, 23] .
The ligand-dependent nuclear receptor compressor-like (LCORL) is thought to encode a transcription factor associated with measures of skeletal frame size and adult height in humans and several animals [8, 10, 11, 20, 21] . In horses, LCORL has been mapped on Equus caballus autosome 3 (ECA3), and it has been reported that BIEC2-808543, a single nucleotide polymorphism (SNP) located upstream of the gene, is significantly associated with withers height [14, 19] . It is known that height is a quantitative trait controlled by numerous genes in humans; however, the genetic basis of body size in Thoroughbreds is still understudied.
In this study, we investigated the relationships between sequence variants of BIEC2-808543 and measured morphological characteristics, such as body weight, withers height, chest circumference, and cannon circumference, in male and female Thoroughbreds prior to the initiation of training and at monthly intervals during the first seven months of training. We hypothesized that identification of genes controlling body size in Thoroughbreds might be relatively simple, since the breeding population includes a limited number of sires and dams. We also assumed that LCORL might affect the body composition of Thoroughbreds.
Materials and Methods

Thoroughbreds
This study was performed according to the ethical standards in animal research. A total of 322 (165 males and 167 females) Thoroughbreds were used in this study. All horses were born between January and June of 2009-2014, and the majority of them were born in March and April. All horses were purchased at commercial livestock auctions at one year of age, introduced to the Hidaka Training and Research Center (Japan Racing Association, JRA) by the end of September, trained to be ridden (initial training) during October, and trained for racing (full-scale training) from November through April.
Body composition measurement
Body composition assessment was initially performed in September (approximately 18 months of age) and was subsequently performed at monthly intervals during the following six months of training. Measurements included body weight (kg), withers height (cm), chest circumference (cm), and cannon circumference (cm). The ratio of body weight to withers height (kg cm -1 ) was calculated and defined as the "muscle content", since the skeletal muscle mass of Thoroughbreds comprises over 55% of their total body mass [7] , and thus, it can be used as an indicator of skeletal muscle mass.
SNP genotyping
Blood samples were collected from each animal and stored at −40°C. Genomic DNA was extracted using an MFX-2000 MagExtractor System (Toyobo, Osaka, Japan), according to the manufacturer's protocol. Genotyping for BIEC2-808543 was performed using a Taqman SNP Genotyping Assay with a 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, U.S.A.), according to the manufacturer's protocols. The primer and probe sequences used in this study are shown in Table 1 .
Statistical analysis
Genetic association analysis for body weight, withers height, chest circumference, cannon circumference, and the ratio of body weight to withers height was performed using Student's t-test. In a previous study, we observed differences in body composition between males and females [22] .
Thus, phenotypic data and SNP associations were separately evaluated for each sex. In the present study, double blind experiments were designed to avoid errors arising from bias in phenotyping and SNP genotyping. All statistical analyses were performed using IBM SPSS Statistics 19 (IBM, Armonk, NY, U.S.A.).
Results
Growth trends in body composition
To avoid pedigree-based and age-based systematic errors, 59 males and 48 females were selected, excluding animals with full-sibling and half-sibling relationships and/or those born in January, February, May, or June. No significant differences were observed in age between the subpopulations.
Body weight, withers height, the ratio of body weight to withers height, and chest circumference increased with time in both males and females, although the changes (increase or decrease) were minimal prior to the initiation of full-scale training ( Table 2 , Fig. 1 ). Body weight, withers height, and chest circumference of both males and females significantly (P<0.05) increased in March compared with those in October (Table 2, Fig. 1 ). Body weight and the ratio of body weight to withers height decreased in November, when full-scale training started, and then increased from December through April (Table 2 , Fig. 1 ).
Differences between males and females
Body weight and the ratio of body weight to withers height were significantly (P<0.05) different between males and females from December through March (Table 2 , Fig.  1 ). Additionally, no significant differences were observed in withers height between males and females throughout the experimental period ( Table 2 , Fig. 1 ). Chest circumference was significantly (P<0.05) higher in females in September and November, whereas no differences were observed between males and females from December through March (Table 2 , Fig. 1 ). Cannon circumference was significantly (P<0.05) different between males and females throughout the experimental period ( Table 2 , Fig. 1 ); the measured values were significantly (P<0.05) higher in males than in females. 
Genotypic distribution
All the animals used in this study were successfully genotyped for BIEC2-808543. No significant differences were observed in genotypic distribution and allele frequency between males and females (Table 3) . Since the C/C genotype had a very low frequency in the population, only the C/T and T/T genotypes were used for the genotypephenotype association study.
Four subpopulations were assigned based on BIEC2-808543 genotype and gender. Animals (n=200) with full and half-sibling relationships and/or those born in January, February, May, or June were excluded from the four subpopulations in order to eliminate pedigree-based and age-based systematic errors. Therefore, the four subpopulations included a total of 67 males and 55 females. These numbers were different from those in the growth trend analysis (59 males and 48 females) due to the classification by sex and genotype. No significant differences were observed in age among the four subpopulations. The four subpopulations were used for the association study.
Genotype association with body composition in males
Significant (P<0.05) differences were observed in body weight in September, October, November, and February; in withers height from September to January; in chest circumstance in September; and in cannon circumstance from September to February between genotypes in males ( Table 4 , Fig. 2 ). The measured values were significantly (P<0.05) higher in the C/T genotype than in the T/T genotype throughout almost the entire experimental period. However, no significant differences were observed in the ratio of body weight to withers height between genotypes at any point during the experimental period.
Genotype association with body composition in females
Withers height and cannon circumference in females were significantly (P<0.05) higher in the C/T genotype than in the T/T genotype throughout the experimental period. Withers height tended to increase during the training period, whereas cannon circumstance did not show any changes (Table 4 , Fig. 2) . No significant differences were observed in body weight, the ratio of body weight to withers height, and chest circumstance between genotypes at any point during the experimental period, although the measured values tended to be higher in the C/T genotype than in the T/T genotype.
Discussion
To our knowledge, this is the first report of relationships between sequence variants of BIEC2-808543 and measured morphological characteristics in Thoroughbreds under training. Our data demonstrated that BIEC2-808543 was significantly associated with withers height (Table 4 , Fig.  2) , and the results were consistent with those reported in previous studies on several horse breeds [14, 19] . Animals with a C/T genotype had higher withers heights (maximum differences of 1.8 cm in males; maximum differences of 2.1 cm in females) compared with animals with a T/T genotype. We also demonstrated that BIEC2-808543 was associated with cannon circumstance in Thoroughbreds under training. Animals with a C/T genotype had higher cannon circumstances (maximum differences of 0.65 cm in males; maximum difference of 0.48 in females) compared with animals with a T/T genotype. These findings suggested that LCORL on ECA3 was closely associated with the skeletal frame and body composition in Thoroughbreds. BIEC2-808543 polymorphism disrupts a putative binding site of the transcription factor TFIID [15] , which suggests that the influence on the skeletal frame is caused by a regulation mechanism of LCORL expression.
We also observed associations between genotypes and phenotypes when all 322 animals were used for analysis (data not shown). Although the C/C genotype was not evaluated in this study because of a low frequency (Table 3) , one female horse with the C/C genotype showed a withers height of 162.0 cm in March. Therefore, it is expected that horses with a C/C genotype would have a much higher withers height and cannon circumstance compared with those with a C/T or T/T genotype. Overall, our findings suggested that the C-allele at BIEC2-808543 increased the skeletal frame size and that the T-allele decreased it.
In the present study, no statistical differences were observed in chest circumference throughout almost the entire experimental period, suggesting that LCORL does not have a strong effect on chest circumference in horses (Table 4 , Fig. 2 ). The differences between genotypes in terms of the association with chest circumference seemed to decrease with growth and/or advanced training. The thoroughbreds used in this study trained almost every day; thus, LCORL was not able to strongly affect their chest circumstance.
Our data showed that cannon circumstance was affected by gender (Table 2, Fig. 1 ). In the four subpopulations, males with a C/T genotype had the highest cannon circumstance, males with a T/T genotype and females with a C/T genotype had an intermediate cannon circumstance, and females with a T/T genotype had the lowest cannon circumstance (Table 4 , Fig. 2 ). Because it is generally considered that bone size is an important determinant of bone strength, cannon circumstance may play an important role in bone fractures, which are a common cause of loss in Thoroughbreds [17] . Therefore, further studies are needed to investigate the association between bone fracture, LCORL, and sex in order to improve horse health and welfare.
Males with a C/T genotype at LCORL had relatively higher body weights and withers heights. Therefore, body weight was related to withers height in LCORL genotypes, but not to muscle content, since no significant differences were identified in the ratio of body weight to withers height (Table 4 , Fig. 2) . A similar tendency was also observed in females (Table 4 , Fig. 2 ). In our previous study, racehorses with a C/C genotype at the myostatin (MSTN) gene demon- strated a relatively higher body weights and skeletal muscle masses than racehorses with other genotypes [6, 13, 22, 23] . Based on genotypes at LCORL and MSTN and sex, we may be able to identify the ideal body composition for each racehorse. For instance, male racehorses with a C/C genotype at LCORL and a C/C genotype at MSTN may have large and heavy bodies, whereas female racehorses with a T/T genotype at LCORL and a T/T genotype at MSTN may have small and light bodies. Thus, animal care and training, such feeding and exercise for regulating body weight, could be applied based on individual genotypic information in a manner similar to that in personalized medicine in humans [1] . In addition, genotypic information could contribute to the development of effective breeding strategies for producing Thoroughbreds with favorable body traits. Because of the relatively low frequency of the C-allele at LCORL, withers height could be modified based on the LCORL genotype, leading to improved racing performance.
Although selective breeding based on genetic information is effective for producing racehorses with desired traits, gene doping, which may be defined as the "abuse/ misuse of gene therapy", should be prohibited in order to maintain racing integrity [3] . The CRISPR/Cas system for genome editing [9] and the adeno-associated virus (AAV) vector [12, 18] for gene transfer have been developed for the production of genetically modified animals and gene therapy, respectively. In addition, the combination of both technologies allows for in vivo genome editing that directly modifies the genome in postnatal animals [16] . Therefore, these technologies raise concerns regarding the production of genetically modified animals and gene doping in racehorses. Since LCORL and MSTN influence body phenotype and/or racing performance, the genes should be monitored to protect the genomic and genetic integrity of racehorses. 
